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Electronic Radio-Frequency Refrigerator
S. Kafanov1∗, A. Kemppinen2, Yu.A. Pashkin3
†
, M. Meschke1, J. S. Tsai3 and J. P. Pekola1
1Low Temperature Laboratory, Helsinki University of Technology, P.O. Box 3500, 02015 TKK, Finland.
2Centre for Metrology and Accreditation (MIKES), P.O. Box 9, 02151 Espoo, Finland. and
3NEC Nano Electronics Research Laboratories and RIKEN Advanced Science Institute,
34 Miyukigaoka, Tsukuba, Ibaraki 305-8501, Japan.
(Dated: October 22, 2018)
We demonstrate experimentally that a hybrid single-electron transistor with superconducting
leads and a normal-metal island can be refrigerated by an alternating voltage applied to the gate
electrode. The simultaneous measurement of the dc current induced by the rf gate through the
device at a small bias voltage serves as an in-situ thermometer.
PACS numbers: 07.20.Mc, 73.23.Hk
Local cooling has become an interesting topic as nan-
odevices are getting more diverse. Mesoscopic electron
systems [1, 2, 3, 4, 5], superconducting qubits [6, 7] and
nanomechanical oscillators [8, 9] are among the systems
of interest in this respect. The electron cooler holds
the promise in applications, for instance in spaceborne
radioastronomy, where it would present an easy-to-use,
light-weight solution for noise reduction, with the fur-
ther benefit of saving energy. In all the realizations until
today the electronic refrigerator was operated by a dc
bias voltage. Single-electron Coulomb blockade opens,
however, a way to manipulate heat flow on the level of
individual electrons [10], and to synchronize the refriger-
ator operation to an external frequency of the ac drive, as
was predicted in [11]. Although the ac operation may not
produce more efficient refrigeration than the devices with
a constant bias [11, 12] the former one has a number of
important benefits: (i) in some instances ac operation is
the only available operation mode, (ii) non-galvanic con-
tinuous drive becomes possible and (iii) by ac drive one
can produce a thermodynamic refrigeration cycle with
electrons as the medium. In this Letter we demonstrate a
device, the hybrid single-electron turnstile, which makes
use of all the features (i) - (iii), and whose operating tem-
perature can be lowered by almost a factor of two by the
ac drive at the gate.
The hybrid single-electron transistor (SET) has been
intensively studied during the past few years to produce
quantized current for metrological applications [13, 14,
15, 16, 17]. The rf refrigerator is based on the very
same device concept: it is composed of superconduct-
ing source and drain leads tunnel coupled to a very small
normal-metal island in the Coulomb blockade regime (see
Fig. 1(a)). A small bias voltage applied over the SET de-
fines a preferable direction for single-electron tunneling.
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FIG. 1: (a) Scanning electron micrograph of a typical rf refrig-
erator with a sketch of its measurement circuity. The darker
areas are AuPd (normal metal), and the brighter ones Al (su-
perconductor). (b) Measured transconductance |dI/dVg| of
one of the samples as a function of normalized bias voltage
eVb/∆ and Qg = VgCg. The black areas are the stability
regions of charge states, where the conductance is negligible.
They are limited by the thresholds for tunneling in the direc-
tion preferred by positive bias (solid lines) and negative bias
(dashed lines). The rf gate signal alternates along the double
arrow line. (c, d) The operation principle of the rf refrigerator.
There is a normal-metal island between the superconducting
bias leads with an energy gap ∆. The dc bias Vb < 2∆/e
defines the preferred direction for tunneling, which is needed
for thermometry. The cooling mechanism is based on the pe-
riodic single-electron tunneling to and from the normal-metal
island driven by the periodic variation of the island potential.
However, for the bias voltages |V | < 2∆/e, the dc cur-
rent through the whole structure is strongly suppressed,
due to the superconducting energy gap in the leads. The
situation becomes different when a periodic variation of
the gate charge of amplitude Arf drives the transistor be-
2tween the stability regions corresponding to two adjacent
island charge states (see Fig. 1(b)). Drive transfers a sin-
gle electron through the turnstile in each cycle, and as
a result creates a detectable dc current proportional to
the driving frequency (I ∝ f). The process is associated
with heat transport from the island into the bias leads,
which is the main topic of the present Letter (see Fig. 1(c,
d), for the principle).
The quantitative analysis of the rf refrigerator opera-
tion is based on the orthodox theory, where the electron
transport is considered as a sequence of instantaneous
tunneling events [18, 19], under the assumption, that the
tunneling electrons do not exchange energy with the envi-
ronment [20]. In the quasi-equilibrium limit [4], the elec-
tron energy distribution in the island and in the leads
is given by the Fermi-Dirac distribution fN(S)(ε) with
temperature TN(S). In general these temperatures are
different from each other and from that of the cryostat,
T0. Due to the large volume of the bias leads and the
tiny heat flux, we assume that electrons in the leads are
well thermalized with lattice phonons (TS = T0).
The tunneling rates Γ±j of electrons tunneling to (+)
and from the island (−) through junction with n excess
electrons on the island are given by the standard expres-
sions
Γ±j, n =
1
e2Rj
∫
nS(ε)fS(ε)
[
1− fN (ε− δE
±
j, n)
]
dε, (1)
with
δE±j, n =
e2
CΣ
(
n±
1
2
+
VgCg
e
)
+ (−1)j e
C1C2
CjCΣ
Vb (2)
where Cj , Rj are the capacitance and the resistance of
the tunnel junction j = 1, 2 and CΣ = C1+C2+Cg+Cenv
is the total capacitance of the island, which includes the
capacitance to the gate Cg and that to the environment
Cenv. The density of states (DOS) in the superconduc-
tor is denoted by nS(ε). The energy gain δE
±
j, n is the
decrease of Gibbs energy of the system due to the cor-
responding tunneling event. The dynamics of electron
tunneling through this device is given by the standard
master equation for the probability σn, t to have n excess
electrons on the island [19].
Non-ideality of the superconducting leads can be taken
into account assuming a finite quasiparticle density of
states γ inside the BCS superconducting gap, e.g., due
to inelastic electron scattering in the superconductor
[21, 22] or by inverse proximity effect due to nearby
normal-metals. We model this smeared DOS: nS(ε) =∣∣∣ℜ{(ε− i∆γ)/√(ε− i∆γ)2 −∆2}
∣∣∣. Typical experimen-
tal value for the effective smearing parameter γ for the
aluminum thin films near the tunnel junction is ∼ 10−4
[15, 16].
Heat transport through the junctions associated to
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FIG. 2: (a) Measured (gray) and calculated (black) dc-IV
curves. The dc gate voltage was swept during the measure-
ments and hence the envelopes correspond to the expected
IV curves with gate open and closed, respectively. The in-
set shows the measured (open symbols) and calculated (lines)
dc-IV curves of the rf refrigerator in the gate-open state at
temperatures of 290mK (diamonds), 240mK (circles) and
186mK (squares) from top to bottom. For clarity, all curves
are vertically shifted from each other by 10 pA. The extracted
electron temperature (open symbols) of the normal-metal is-
land along these IV curves, and results of the numerical cal-
culations (lines) are shown in the inset of (b). The extracted
cooling power vs. T 50 − T
5
N for these electron temperatures
(open symbols), and a linear fit to the data according to
Eq. (6) (line) are shown in the main frame of (b). Arrows
in the two insets show the bias point for the rf refrigeration
experiments.
each electron tunneling process is given by
Q˙±j, n =
1
e2Rj
∫
(ε−δE±j, n)nS(ε)fS(ε)
[
1− fN (ε− δE
±
j, n)
]
dε.
(3)
The charge current and the cooling power of the rf re-
frigerator are then given by averaging the corresponding
quantities over an operation cycle:
I = (−1)jef
∫ f−1
0
∑
n
(
Γ−j, n − Γ
+
j, n
)
σn, tdt (4)
and
Q˙ = f
∫ f−1
0
∑
j, n
(Q˙−n − Q˙
+
n )σn, tdt. (5)
The cooling power is counterbalanced by the heat loads
from the relaxation processes. The load from electromag-
netic coupling to the environment, i.e., electron-photon
relaxation, can be ignored due to poor matching be-
tween the island and environment [23, 24]. The heat
load by electron-phonon interaction dominates in our ex-
periment; the corresponding power is given by [25]
Pel−ph = ΣV(T
5
N − T
5
0 ) (6)
where Σ is the electron-phonon coupling constant of the
normal-metal and V is the island volume. The mean tem-
perature of the island TN is obtained from Q˙ = Pel−ph.
3In order to cool the island, the frequency f has to be
high enough to prevent full relaxation toward lattice tem-
perature, τ−1el−ph ≪ f . On the other hand to secure
the quasiequilibrium state of the electron gas we require
f ≪ τ−1el−el.
The samples were fabricated by electron beam lithog-
raphy and shadow deposition technique [26, 27], and they
were measured in a dilution refrigerator with a base tem-
perature of 40mK. For the characterization of the rf
refrigerator, we measured the IV curves of the device at
the base temperature of the cryostat, with simultane-
ous fast ramping of the gate voltage (see Fig. 2(a)). The
solid lines are the calculated IV curves for the two ex-
treme gate positions: gate-open Qg = VgCg = e/2 and
gate closed Qg = 0. From these fits we get the following
parameters of the sample: asymptotic resistance R∞ =
R1+R2 = 315 kΩ; charging energyEc = e
2/(2CΣ) = 7K;
superconducting energy gap ∆ = 210µeV; gap smearing
parameter γ = 2 dI/dV |V=0R∞ = 9.4 × 10
−5. In or-
der to obtain the value of Σ, we measured and fitted
the IV characteristics in the subgap region at the gate-
open state at different cryostat temperatures, see the
inset of Fig. 2(a). The corresponding electron tempera-
tures extracted from the fitting are shown in the inset of
Fig. 2(b). In the gate-open state, the turnstile functions
similarly to a regular SINIS cooler [2, 10], with a max-
imum cooling power at the bias voltage Vb ≃ ±2∆/e.
At higher bias voltages, the turnstile operates in the
regime where the temperature rapidly increases with
bias voltage. Figure 2(b) presents the extracted cool-
ing power Q˙ vs. T 50 − T
5
N matched with the heat load
from the electron-phonon relaxation. Using the dimen-
sions of the island, V = 30× 50× 80 nm3, we then obtain
Σ = 4 × 109WK−5m−3 from the linear fit of the data,
which is in good agreement with the values obtained for
the same Au-Pd alloy in another experiment [28].
For the demonstration of rf refrigeration, we measured
the charge current though the device at different op-
eration frequencies (f = 2kMHz, k = 1 . . . 7), and at
different bath temperatures 100mK > T0 > 500mK.
In order to distinguish between the ordinary dc cooling
and rf cooling, we biased the turnstile at a low voltage
Vb = 50µV ≃ 0.25∆/e, where dc cooling is small. This
bias is indicated by the arrows in the insets of Fig. 2.
Generally, the dc bias is not needed for rf cooling, but it
makes in-situ thermometry possible.
The measured current in the gate-open state vs. the rf
amplitude at different frequencies is shown in Fig. 3(a).
The cryostat temperature was T0 = 240mK in this case.
With a small bias voltage Vb applied, the rates of tun-
neling in the forward and backward directions differ by a
factor of∼ exp (−eVb/(kBTN )) [13]. Thus, measuring the
dc current I through the device serves as a thermometer
of the island. By using parameters of the cooler obtained
from the dc measurements, and taking into account the
balance between the cooling power and the heat flow due
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FIG. 3: (a) Measured current I (circles), scaled by ef vs. the rf
amplitude at different operation frequencies f . The data were
acquired at T0 = 240mK and gate-open state. The rf refriger-
ator is biased with a low bias voltage Vb = 50µV ≃ 0.25∆/e,
where dc cooling effect is negligible, see Fig. 2(b). The corre-
sponding calculated current for the constant island temper-
ature (TN = T0) (dashed lines) and for the amplitude de-
pendent temperature of the normal-metal island (solid line),
obtained from the power balance equation (Q˙ = Pel−ph). (b)
Open circles show the rf amplitude dependent electron tem-
perature of the island, obtained from the measured current
presented in (a). The temperature obtained from the simula-
tions is shown by the continuous lines. Cryostat temperature
is shown by the dashed horizontal lines.
to the electron-phonon relaxation, we have calculated the
corresponding current I as a function of rf amplitude;
the simulation results are shown by a continuous line in
Fig. 3(a). As a reference we also show (dashed lines),
the corresponding curves calculated for fixed tempera-
ture (TN = T0). We should mentioned that we used Qg
as a fitting parameter in Fig. 3. Good agreement between
the experiment and simulations with non-constant TN
allows us to extract the temperature of the island. Fig-
ure 3(b) shows the mean temperature TN thus obtained
(open symbols), and the corresponding predicted temper-
ature (continuous lines) from the numerical simulations
with the independently determined parameters. We note
that the instantaneous electron temperature in the rf re-
frigerator island is expected to fluctuate around its mean
value TN , due to fundamental principles of thermody-
namics. These fluctuations are inversely proportional to
the volume of the island, 〈δT 2N 〉 = kBT
2
N/Cel ∝ TN/V ,
where Cel is the heat capacity of the electron gas in the
island [29]. For our samples, with a very small island, we
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FIG. 4: (a) The calculated maximum of the cooling power
(gray lines) and the lowest temperature (black lines) of the
normal-metal island vs. the rf frequency, for two different gate
charges, Qg = 0.5e (solid lines) and Qg = 0.48e (dashed
lines); temperature and the bias voltage are the same as those
used in Fig. 3. Open squares show the minimum tempera-
tures obtained in the experiment, see Fig. 3(b). The error
bars are obtained based on data in Fig. 3(b). (b) Measured
(circles), and calculated (continuous line) rf induced dc cur-
rent through the device at f = 64MHz. Open squares show
the extracted electron temperature of the island; dashed line
shows the expected temperature behavior based on the sim-
ulations. The data was acquired in the gate-open state; the
bias was set to the optimum position for pumping [13, 14, 15]
Vb = 200µV ≃ ∆/e. The base temperature was T0 = 300mK,
which is available in a 3He cryostat.
obtain 〈δT 2N 〉
1/2 ∼ 10mK at TN ≃ 200mK.
Figure 4(a) shows the calculated cooling power (gray
lines) and the corresponding minimum temperature of
the island (black lines) for two different dc gate charges
(Qg = 0.5e and 0.48e). The highest cooling power
is achieved exactly in the gate-open state. The cool-
ing power decreases rapidly, even for small offsets from
this position, because cooling is not any more optimized
for tunneling through both junctions. Therefore, back-
ground charge fluctuations reduce the cooling power of
the refrigerator, and affect its temperature. However, the
cooling power increases with operation frequency. For the
frequencies lower than the characteristic electron-phonon
relaxation rate, the electron temperature is close to the
lattice temperature. At higher frequencies, the cooling
power rises monotonically and eventually saturates due
to the finite R∞CΣ time constant of the device. Be-
cause of the small drive amplitude of the rf refrigerator
the frequency dependence of the cooling power does not
turn into heating at high frequencies, which, on the other
hand, is predicted for multi-electron cycles [11].
The rf refrigeration plays an important role in the de-
velopment of the current standard based on the hybrid
turnstile. This effect allows one to cool down the is-
land also in the metrologically interesting range of the
operation parameters. The experimental pumping curve
measured at T0 = 300mK with a plateau at I = ef and
the extracted electron temperature at f = 64MHz are
shown in Fig. 4(b). Here, the turnstile is in the gate-open
state and biased at the optimum bias point for pumping,
Vb ≃ ∆/e.
In conclusion, we have experimentally demonstrated rf
refrigeration using a single-electron transistor with super-
conducting leads and a normal-metal island, by applying
an rf signal to the gate electrode. The cooling power
rises monotonically with operation frequency until it sat-
urates. In practice the demonstrated rf cooling effect
may be useful e.g., in the development of a standard for
electric current.
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